The influence of the excited states of the acceptors on the hole concentration in p-type GaN is investigated theoretically and experimentally. Using the temperature dependence of the hole concentration ( ) p T in Mg-doped GaN epilayers, a distribution function suitable for Mg acceptors is examined. It is found that the influence of their excited states on ( ) p T as well as the temperature dependence of the average acceptor level cannot be ignored, when the acceptor level is deep ( 150 ≥ meV). Moreover, it is elucidated that due to their excited states the ionization efficiency of acceptors is higher at elevated temperatures than the ionization efficiency expected from the Fermi-Dirac distribution function.
Introduction
The excited states of the substitutional dopants in a semiconductor have been theoretically discussed using the hydrogenic model [1] , and the existence of their excited states in Si has been experimentally confirmed using infrared absorption measurements [1] . However, the influence of their excited states on the majority-carrier concentration has not been experimentally confirmed because their excited state levels in Si are too shallow. On the other hand, an acceptor level
in GaN or SiC, measured from the valence band maximum V ( ) E , was reported to be deeper than 150 meV [2, 3] . Moreover, according to the hydrogenic model, their first excited state level ) f E ∆ has been reported to be appropriate for the Al acceptors [6, 7] .
We have developed a graphical peak analysis method for determining the densities and energy levels of several dopant species without any assumptions regarding dopant species, called Free Carrier Concentration Spectroscopy (FCCS) [6] [7] [8] [9] [10] . In this article, the experimental data obtained by Hall-effect measurements are analyzed by FCCS using
2 Distribution function including excited states of acceptors The distribution function including the influence of the excited states of the acceptors is given by [6] A ex A F F 2 1 ( )
where r E ∆ is the difference in energy between the ( 1 r − )th excited state level and V E , and r g is the ( 1) r − th excited state degeneracy factor. An ensemble average ex E of their ground and excited state levels is given by [6, 7, 11] ( )
and then an average energy level
When their excited states are neglected (i.e., 1 r = and ex 0 E = ) , Eq. (2) 
and has a peak at the temperature corresponding to each acceptor level, where ref E is the parameter which can shift its peak temperature within the measurement temperature range.
From the charge-neutrality condition, in p-type semiconductors, ( ) p T is described as
where Ai N and Ai E ∆ are the density and energy level of the i th acceptor species, and
On the other hand, using the effective density of states V ( ) N T in the valence band, ( ) p T is expressed as 
where
The function
in Eq. (8) at the peak temperature A r e f peak
As is clear from Eq. (11) Fig. 1 N should be less than or equal to Mg C , indicating that
Results and discussion The open circles and open triangles in
∆ is appropriate in this Mg-doped GaN epilayer. Therefore, it is found that ~45 % of Mg atoms in this epilayer act as an acceptor.
The broken and dotted lines in Fig. 2 
